Introduction
Reliable information on global trends in forest area is of great help to international agencies, governments, non-governmental organizations and the commercial sector when they make decisions on policies and investment, and to scientists whose research also informs these decisions. The first global forest assessment was undertaken by the US Government early in the 20th Century (Zon, 1910; Zon and Sparhawk, 1923) . However, regular global assessments had to wait until the Food and Agriculture Organization of the United Nations (FAO) was established in 1945. FAO published statistics on global forest resources every five years from 1948 to 1963 in its World Forest Inventory series. It launched a new series of Forest Resources Assessments (FRAs) in 1980 that were initially limited to the tropics (Lanly, 1981; FAO, 1982 FAO, , 1993 . Subsequent assessments for 1990, 2000, 2005 and 2010 have had global coverage (FAO, 1995 (FAO, , 2001 (FAO, , 2006 (FAO, , 2010 .
Statistics contained in FRAs have supported decision making by various international bodies. These include FAO itself, the UN Framework Convention on Climate Change (UNFCCC), the Convention on Biological Diversity, the UN Convention to Combat Desertification, and the UN Forum on Forests. Concerns in the UNFCCC about the role of forests in global climate change have led to negotiations on a mechanism for Reducing Emissions from Deforestation and Degradation and the role of conservation, sustainable management of forests and enhancement of forest carbon stocks in developing countries (REDD+) (UNFCCC, 2014) , and to the recent New York Declaration on Forests (UN, 2014) . FRA statistics have also been of value in many scientific studies, most recently on forest and agricultural land dynamics (Ausubel et al., 2012) , drivers of deforestation (Hosonuma et al., 2012) , environmental sustainability (Arrow et al., 2012) and the carbon cycle (Le Quere et al., 2009; Smith et al., 2014) .
Deforestation, particularly in the tropics, was a major concern of FRAs 1980 and 1990 (Holmgren and Persson, 2002) . As the benefits expected from forests have increased over time, the focus of FRAs has diversified to assess the status and supply of a wider range of forest ecosystem services. However, debate continues about the breadth of variables that should be assessed in FRAs, given the limited resources made available to undertake the assessments (Matthews and Grainger, 2002) . FRAs rely heavily on information supplied by governments in response to FAO questionnaires, and the lack of up to date and comprehensive national forest inventories in developing countries on which these responses are based has raised concerns about the accuracy of the resulting statistics on forest area change (Grainger, 2008) . It has also led to proposals for improving global forest monitoring for REDD+ by making better use of satellite images (Baker et al., 2010; Grainger and Obersteiner, 2011) . This paper presents and analyses the findings on global trends in forest area between 1990 and 2015 reported in the Global Forest Resources Assessment 2015 (FRA 2015) (FAO, 2015; MacDicken, 2015) . The remainder of the paper is in three main sections: Section 2 summarizes the methods used to estimate values of FRA statistics; Section 3 provides an overview of FRA 2015 results; and Section 4 analyses these findings to assess their significance for our understanding of recent trends in global forest area and what has caused them.
Methods
FAO's Global Forest Resources Assessments (FRAs) continue to rely on the submission of national data by governments, but the methods used for this have changed over time. Sending questionnaires to countries, the same method used for the World Forest Inventories, was found to have limitations. Since FRA 2005, FAO has devolved most statistical estimation to the National Correspondents (NCs) who supply information on behalf of governments, giving them instructions in detailed guidance documents on how to submit information using a common reporting framework (e.g. FAO, 2013a,b) .
The two main categories of tree cover for which statistics are reported in this paper are 'forest' and 'other wooded land'. Since FRA 2000, all countries in the world have been asked to use a common definition of 'forest', as land of at least 0.5 ha covered by trees higher than 5 m and with a canopy cover of more than 10%, or by trees able to reach these thresholds, and predominantly under forest land use. This excludes land that is mainly under agricultural or urban land uses. The FAO definition of 'forest' is essentially a land-use based definition, and it differs from other definitions of forest which rely solely on the presence or absence of tree cover, and from legal definitions based on topographic or other factors (Lund, 1999 (Lund, , 2002 . It includes areas of land that may be temporarily unstocked with trees but are still intended for forestry or conservation use. It also combines natural forest and planted forest, the latter including intensively managed forest plantations. 'Other wooded land' describes land of at least 0.5 ha that is covered by trees higher than 5 m, and either the tree canopy cover is 5-10%, or the total cover of trees, shrubs and bushes exceeds 10% (FAO, 2010) .
Three key questions asked in FRA 2015 that are relevant to forest area concern:
1. The areas of forest and other wooded land. Forest area was also reported in the categories of primary forest, other naturally regenerated forest, and planted forest. 2. The rate of forest expansion, which was subdivided, where possible, into the natural expansion of forest, and human-induced afforestation. 3. The rate of forest loss.
NCs were asked to submit responses to these and other questions for the reporting years 1990, 2000, 2005, 2010 and 2015, through tables in the online Forest Resources Information Management System (FAO, 2013a) for which standard templates were provided by FAO (2013b) . To facilitate the reporting process, FAO pre-filled the tables with data for 1990 from FRA 2010 (FAO, 2013a , a practice introduced in FRA 2010. If better estimates had since become available, NCs were instructed to update information from previous years, using the interpolation and extrapolation methods employed in previous FRAs. All values for 2015 were estimated by NCs using extrapolation, generally based on a linear projection from previous data. Further details on the methods used for FRA 2015 may be found in MacDicken (2015) .
FRA 2015 received responses from 155 countries, and 79 desk studies were conducted for the remaining countries and territories, giving information for a total of 234 individual countries and territories. Data sources used by countries to report forest area included official government statistics, ground-based forest and vegetation inventories, remote sensing-based studies, published and refereed studies, 'gray literature' reports and expert opinion. Countries were asked to report on the quality of their data for each variable using a three tier system: Tier 1 data were considered the least reliable and Tier 3 data the most reliable (MacDicken, 2015) .
Countries were classified into four climatic domains: Boreal, Temperate, Subtropical and Tropical (FAO, 2013a) . If a country's national boundaries encompassed more than one climatic domain, the country was assigned to the domain occupying the largest forest area of the country (Table S1 ). Countries were also divided into 12 'sub-regions', based on breakdowns of FAO regional groupings; and into income categories according to the World Bank country lending group designation (MacDicken, 2015) .
The methods used for the analysis of FRA findings in Section 4 are outlined in Supplementary Material.
Results
This section provides an overview of the most important findings of FRA 2015 on trends in forest area between 1990 and 2015.
The distribution of forest area
In 2015 forest covers 3999 M ha globally. This is equivalent to 31% of global land area, or 0.6 ha for every person on the planet. A further 1204 M ha are covered by other wooded land (Table 1) .
Forty-four per cent of global forest area is found in countries classified as tropical and another 8% is in sub-tropical countries. Temperate countries account for 26% of global forest area and boreal countries for 22% (Table 1) . Europe (including the Russian Federation) has more forest than any other geographical sub-region (25%), followed by South America (21%) and North America (16%) ( Table 2) . Three quarters of all forest is in high income and upper middle income countries, with just 25% of the total in countries classified as having lower middle or low income (Table 3 ). The proportion of other wooded land in the tropics (43%) is similar to that for forest in the tropics, but there are proportionally greater areas of other wooded land in the sub-tropical and temperate domains (Table 1) .
Ten countries -the Russian Federation, Brazil, Canada, the USA, China, Democratic Republic of Congo, Australia, Indonesia, Peru and India -account for 67% of total forest area. Six countries or territories -Aruba, the Faroe Islands, Greenland, Guernsey, Malta and Norfolk Island -reported zero forest cover, and there are no entries for ten other countries or territories which also have little forest (Table S2) (FAO, 2015) .
Global and regional trends in forest area
Overall, there was a net decrease in global forest area of 3% between 1990 and 2015, from 4128 M ha to 3999 M ha, with natural and human-induced deforestation being offset by increases in forest area that had both natural and human causes ( (Table 4) . While this reduced rate of net forest loss is encouraging, it should not be regarded as equivalent to reduced rates of human-induced deforestation (see Section 4).
Primary forest accounts for a third of total forest area (see Morales et al., 2015) , and increased slightly from 1200 M ha in 1990 to 1282 M ha in 2015, mainly because more countries submitted data for this statistic. Primary forest, which is regarded as undisturbed by human beings, is often reclassified as 'Other naturally regenerated forest' after disturbance, though entries for this statistic are also incomplete, and it has changed little, from Table 1 Forest and other wooded land from 1990 to 2015 in different global climatic domains (K ha) (FAO, 2015) . Note that domains are determined by country classification into a domain and all forests in the country are included in that domain. All totals involve rounding.
Forest area (K ha)
Other wooded land area (K ha) (Gabler et al., 2012) . However, the main reason appears to be a 165% rise in the area of sub-tropical other wooded land from 151 M ha to 399 M ha (Table 1) , following the report by Australia of an area of other wooded land in 2015 that is twice its forest area and virtually identical to this increment (Table S2) .
Half of global forest area is in sub-regions where forest cover is expanding: Europe, North America, the Caribbean, East Asia, and West and Central Asia. The remainder is in sub-regions where forest area continues to decline: Central America, South America, South and Southeast Asia and all three sub-regions in Africa. Oceania (dominated in area by Australian forests) showed periods of gains and losses in forest area between 1990 and 2015 (Table 2).
Trends by climatic domain
Trends also vary by climatic domain ( 
Trends by income category
In high income countries, forest area showed a small increase of about 0.05% y À1 over the 25 year period. Forest area in upper middle income countries declined at 0.14% y À1 in the 1990s, but this halved to 0.07% y À1 in the 2000s, and between 2010 and 2015 it was relatively stable. In lower middle and low income countries forest area continues to decline: both groups of countries exhibited high loss rates of about 0.6% y À1 in the 1990s, but while this rate has been maintained in low income countries it halved to about 0.3% y À1 between 2000 and 2015 in lower middle income countries (Table 3) .
National trends
At the national scale, net loss of forest area between 2010 and 2015 for countries in South America was dominated by Brazil (984 K ha y À1 ), but there were also significant net losses in Paraguay (325 K ha y (Table S2 ). In South and Southeast Asia, the rate of net forest loss was greatest in Indonesia (684 K ha y À1 ), followed by Myanmar, where the loss rate of 546 K ha y À1 between 2010 and 2015 was 25% higher than in the 1990s. In Africa, the greatest net losses in forest area between 2010 and 2015 were in Nigeria (410 K ha y ). The net rate of forest loss has significantly declined in some countries. For example, in Brazil, the net loss rate between 2010 and 2015 was only 40% of the rate in the 1990s. Indonesia's net loss rate has also dropped by two thirds, from 1.9 M ha y À1 in the 1990s to 684 K ha y À1 from 2010 to 2015, while the rate in Mexico has halved from 190 K ha y À1 in the 1990s to 92 K ha y À1 between 2010 and 2015.
Other countries have reported a net rise in forest area between 2010 and 2015. China has the highest rate of expansion (1.5 M ha y À1 ), though this is only 63% of the corresponding rate in the 2000s. Forest area increased rapidly in the last five years in Chile (301 K ha y À1 ), the USA (275 K ha y À1 ), the Philippines (240 K ha y À1 ), Lao People's Democratic Republic (189 K ha y
À1
), India (178 K ha y À1 ), Vietnam (129 K ha y
) and France (113 K ha y 1 ). There was a net increase in forest area of 308 K ha y À1 in Australia between 2010 and 2015 but, reflecting the variability of climate in this country, this followed a net loss of 563 K ha y À1 in the 2000s, caused by a mixture of drought, fire and human clearance.
Data quality
Estimates of about 60% of global forest area in 2015 are reported to be based on data of the highest (Tier 3) quality (Table 5 ). This is supported by an analysis of data sources listed in FRA 2015 Country Reports for 99 tropical countries (Romijn et al., 2015) , which implies that 54 countries now have good or very good capacities to monitor changes in forest area using remote sensing data. Comparison with the corresponding FRA 2005 Country Reports led to the conclusion that the proportion of total tropical forest area estimated using good or very good monitoring capacity rose from 69% in 2005 to 83% in 2015. This reflected increased Table 5 The trend in global forest area classified by the quality of source data (Tier 1 is the lowest quality and Tier 3 the highest) (K ha) (FAO, 2015) . Note that a small area was not classified. (Romijn et al., 2015) . On the other hand, estimates for 11% of global forest area in 2015 were based on data of the lowest (Tier 1) quality. For example, 79 countries or territories, comprising 1.2% of global forest area, submitted no country reports and so their statistics had to be estimated by less accurate desk studies (MacDicken, 2015) . Furthermore, while the 12 countries which have a forest area of more than 5 M ha and data of Tier 1 quality only account for 9% of global forest area in 2015, they accounted for 20% of the net decline in global forest area from 1990 to 2015. Ten of these countries are in Africa (Table 6 ).
Analysis
A key finding of FRA 2015 is that the net rate of loss of global forest area halved over the last 25 years. This and other findings are examined in this section to determine their robustness, and what they reveal about relationships between human beings and forests.
The implications of FRA 2015 statistics for trends in deforestation
To grasp the full meaning of FRA 2015 statistics on forest area trends it is necessary to disaggregate them in two ways: by separating natural forest from forest plantations, and by separating deforestation from afforestation.
Early FRAs listed areas of natural forest and forest plantations separately, but since FRA 2000 FAO has combined them in a single statistic, called 'forest' (Grainger, 2007) . Natural forest generally describes vegetation that evolved naturally in an area. Planted forest includes both intensively managed forest plantations purposely established to give priority to wood production that are usually composed of a single tree species and forests established for land conservation, coastal stabilization, biodiversity conservation or other purposes. Fortunately, the inclusion of separate figures for total forest area and planted forest area in FRA 2015 enabled us to calculate natural forest area as the difference between the values of these statistics (Table S3) . FRA 2015, like FRA 2010, includes statistics on the areas of 'primary forest' and 'other naturally regenerated forest', but their coverage for early time periods was not comprehensive. The 'planted forest' statistic, introduced in FRA 2010, includes both forest plantations and rubber plantations, but not oil palm plantations and other agricultural plantations. So replacing an area of rubber plantation by an oil palm plantation will suggest that there has been a reduction in forest plantation area and hence in forest area too.
Our calculations show that natural forest area worldwide declined by 6% from 3961 M ha to 3721 M ha between 1990 and 2015 (Table 7) . This was twice the percentage drop in forest area, and the net result of a 3% expansion of temperate natural forest, from 529 M ha to 546 M ha, and declines in natural forest in the other three climatic domains. In 142 tropical countries, the area of natural forest declined by 11%, from 1935 M ha to 1713 M ha. The decline in natural forest area worldwide was offset by a 66% rise in planted forest, from 168 M ha to 278 M ha (Table 7) .
The change in natural forest area between any two time periods will be the net effect of forest clearance and conversion to another land use (or deforestation) in some areas, natural forest losses through processes such as fire or drought and natural forest expansion elsewhere. The trend in forest area combines these processes with afforestation, in which forest is planted or regenerates naturally on previously cleared land, e.g. as intensively managed plantations or restoration forests, and reforestation, in which trees are planted or regenerate naturally on land already classified as forest (FAO, 2013a) . So a report of no net loss in forest area does not mean that the composition and structure of forest, its habitat value, or its supply of ecosystem services, have stayed the same. Converting an area of natural forest into an intensively managed plantation of exotic tree species in the tropics, for example, will increase its timber production potential but will generally reduce its biodiversity.
FRA 2015 includes statistics on the rate of 'deforestation' but coverage is not comprehensive, as the table only includes reports from 48 countries. Our calculations on the dynamics of natural forest show that the net rate of loss of natural forest halved, from 11.5 M ha y À1 to 5.8 M ha y
À1
, between the 1990s and 2010-15 (Table 8 ). This replicated the sharp fall in the net rate of loss of forest (from 7.3 M ha y À1 to 3.3 M ha y À1 ) over the same period (Table 4 ). The vast majority of natural forest loss was in the tropics, where the rate of loss fell by 39%, from 10.4 M ha y À1 in the 1990s to 6.4 M ha y À1 from 2010 to 2015. In between these periods, it fell to 9.1 M ha y À1 in 2000-05 and to 8.1 M ha y À1 in 2005-10. The overall gross rate of loss of natural forest worldwide fell from 11.8 M ha y À1 to 7.2 M ha y
, but continuing loss in the tropics was offset by an almost fivefold rise in the rate of expansion of temperate natural forest, from 0.3 M ha y À1 to 1.4 M ha y À1 . Planted forest area has increased in absolute terms and as a proportion of total forest area, though the rate of expansion halved from 5.3 M ha y À1 in 2005-10 to 2.5 M ha y À1 in 2010-15 (Table 8) .
Implications for modeling human impacts on forests
Changes in land cover and land use from forest to non-forest have both natural causes, e.g. drought, fire, storms and disease, and human causes, e.g. clearance for agriculture, over-exploitative timber harvesting, the expansion of settlements, and infrastructure development. Changes to other land uses are linked to a complex and multi-faceted set of underlying driving forces, which include population growth, poverty, and government policies; and controlling forces, such as technological development, rural to urban migration, changes in cultural attitudes toward forests, and stronger incentives for conservation. It was possible to use statistics from early FRAs in regression analysis across countries for the same time period to show positive correlations between the rate of tropical deforestation and key drivers (Lambin, 1997; Lambin et al., 2001 ). Indeed, modeling was the focus of 30% of all scientific studies that made substantive use of statistics in FRAs 1980 -2005 (Grainger, 2008 ). Yet FAO actually used population growth rates to estimate deforestation rates in FRA 1980 for countries for which reliable forest area change data were lacking (Lanly, 1981) and, as demonstrated by Rudel and Roper (1997) , some scientists who were unaware of this drew misleading conclusions about the significance of population growth as a driver. Subsequently, scientific analysis of drivers of forest change has placed greater stress on national and sub-national studies that rely on national data on changes in population and land use and land cover (e.g. Mena et al., 2006) , and on cross-sectional regression studies in which rates of deforestation are estimated using pan-tropical satellite surveys, of the kind discussed in Section 4.4 (e.g. DeFries et al., 2010) . Nevertheless, FRA 2015 statistics may still be used in new scientific studies to check for any cross-sectional evidence for the driving and controlling forces of forest change.
To anticipate such research, our analysis suggests that the findings of such studies are unlikely to be as categorical as those in the past. For example, a test of the 62 tropical countries that had a mean rate of loss of natural forest above zero in 2000-10, and employing logarithmic transformations, resulted in a correlation coefficient of r = 0.615 between Log 10 (deforestation rate and Log 10 (population growth rate 2000-10 ) (Fig. S1, Table S4 ). However, the relationship between the rate of change of natural forest area and the rate of population growth is now far more complex than it was in the 1980s and 1990s, owing to the increasing dominance of controlling forces and drivers of forest expansion over drivers of deforestation, the differential influences of urban and rural populations , and the effect of time lags. For example, for the five tropical countries with mean population growth rates of 2-4 million persons y À1 in 2000-10 (UN, 2013), the rate of deforestation varied from 71 K ha y À1 (Pakistan) to 3030 K ha y À1 (Brazil), and natural forest area actually rose at a rate of 43 K ha y À1 in India, which had the highest population growth rate in the tropics (16.4 million persons y À1 ) ( Table 9 ).
Research to model short-term relationships between deforestation rates and driving and controlling forces is complemented by studies of long-term trends in forest area. The most prominent generic relationship involves a curve showing the switch from net forest loss to net forest expansion as a country develops. The actual turning point marks a country's national forest transition (Mather, 1992; Rudel et al., 2005) . Because the expansion of planted forest makes an important contribution to this switch, the aggregated FRA statistic of forest area can be used to monitor such transitions. The forest transition model is consistent with the low or negative rates of forest loss in higher income countries that are reported in FRA 2015 (Table 3 ). An inspection of national trends in forest area in FRA 2015 also provides evidence that 13 tropical countries were likely to have either passed through their national forest transitions between 1990 and 2015, or continued along the path of forest expansion that follows such transitions (Table 10) . These include such countries as India and Vietnam, for which forest transitions have already been documented (Mather, 2007) . Forest transitions might also have occurred in six other countries, such as Thailand, but these are more uncertain because of potential errors in statistics; uncertainty around the turning point itself (Grainger, 2010) ; and other factors, e.g. the apparent trend in Thailand's forest area may have been influenced by a change in the method used by its Royal Forest Department to analyse satellite images.
Uncertainties about trends in forest area
One way to determine the robustness of forest area statistics reported in FRAs is to examine the quality of the latest individual estimates of national forest area. In FRA 2005 and earlier reports specific information was listed in tables in the FRA Main Report on the dates and types of the original estimates used to calculate the values of statistics, e.g. whether these estimates were recent or, say, 20 years old, and whether they were based on satellite or airborne remote sensing measurements or on 'expert estimates'. The type of measurement (or lack of it) indicated the accuracy of each data point. The likely error involved in projecting it forward to the latest common FRA reporting year (2015 in the case of FRA 2015), using the interpolation and extrapolation methods described in Section 2, could be inferred from the date of the estimate and hence the length of the projection (Grainger, 2008) .
In FRA 2015, the quality of the latest survey estimate is reported by countries in terms of Tier quality rankings (from 1, poorer quality to 3, higher quality) ( Table 5 ). In the template provided for national forest area reports by FAO, Tier 3 was defined as ''Data sources: either recent (610 years ago) National Forest Inventory or remote sensing, with ground truthing, or programme for repeated compatible NFIs''; Tier 2 as ''Data sources: full cover mapping/remote sensing or old NFI (>10 years ago)''; and Tier 1 as ''Other'' (FAO, 2013b). The evidence on which these rankings were based will be published in the individual FRA 2015 Country Reports, but these reports could not be used for analysis in this study.
We therefore focused instead on examining the uncertainties associated with the aggregate trends in forest area from 1990 to 2015 that were reported in FRA 2015, by analyzing them in the context of trends for the same period reported in earlier FRAs. (Houghton, 2010) . We examined global trends in natural forest, and trends for a sample of 90 tropical countries in 1990, and how the shape of each trend varied. By 2015, creation of new states had increased the size of this sample to 93 countries, through the emergence of Eritrea, South Sudan and Timor-Leste (Table S5 ). The set of countries used for long-term comparison corresponds to the set used in FRA 1990 (FAO, 1993) , and includes Mexico, Nepal and Pakistan, which in FRA 2015 are allocated to the sub-tropical climatic domain.
Sometimes, differences between trends in successive FRAs can be traced to national factors, but on other occasions they reflect changes in overall FRA methods. For example, the FRA 1990 value of natural forest area in the tropics in 1990 was 170 M ha lower than the value for the same year in FRA 2000, reflecting a switch from non-linear projection and interpolation methods in FRA 1990 to linear methods in FRA 2000 (Fig. 1, Table 11 ). After this (Table 11) . A major reason for this was the reclassification of 90% of forest plantations in India as natural forests, which inflated natural forest area but not overall forest area (Grainger, 2010) . If FRA 1990 statistics are excluded, as an outlier, the decline of 228 M ha in tropical natural forest area between 1990 and 2015, calculated from FRA 2015 statistics (Fig. 1) , is 73% greater than the 132 M ha range of area estimates of tropical natural forest in the year 1990 in FRAs 2000-2015 (Table 11 ). However, the 129 M ha decline in global forest area over the same period is only 63% of the 205 M ha range of estimates for global forest area in 1990 in FRAs 2000-2015 (Fig. 2) , and so could be within the limits of error for the trend as a whole, tending to support Mather's (2005) conclusions about historic uncertainties in the trend in global forest area.
A second feature of successive trends that is apparent in Fig. 1 is that while trends in FRAs 1980-2005 were generally parallel to one another, in FRA 2010, and more markedly in FRA 2015, forest area declines less rapidly after 2005. On the one hand, this reflects the recent reduction in the rate of deforestation, noted above. However, it might also have been influenced by FAO staff ''prefilling'' the 1990, 2000, 2005, 2010 (Table S6 ). The 47 countries that did not change the prefilled figures in 2015 accounted for 32% of total natural forest area in the sample of 93 countries in 2015 (569 M ha), an area 33% larger than that of the 41 prefilling countries in FRA 2010 (428 M ha). When all FRA 2015 Country Reports become available, further scientific studies could explore this effect in more detail, and undertake a deeper statistical analysis of the uncertainties associated with FRA 2015 trends than was possible in this paper.
Comparison of the findings of FRA 2015 and remote sensing studies
Another way to evaluate the findings of FRAs is to compare them with the findings of global remote sensing surveys. A fundamental issue for FRAs is that individual countries undertake their forest inventories at different times and frequencies, according to their own measurement cycles and the availability of funding. Errors can therefore arise when relatively rudimentary methods are used in FRAs to adjust estimates of forest area based on the results of these national surveys to a common reporting year, e.g. 2015 in FRA 2015, and to estimate rates of forest area change (see Section 3). Since remote sensing satellites collect data every year for every part of the Earth's surface, it is possible, in principle, to use these data to measure global and pan-tropical forest areas in specific years and the rate at which they changed between these years. In practice, for areas with high cloud cover, or subject to other technical issues associated with image processing, it may mean that remotely sensed images are a compilation of images from around a target year. In this section we compare FRA 2015 findings with the results of global remote sensing surveys. We look in turn at estimates of forest area and forest area change, and at their limitations.
While there are general similarities between FRA and global remote sensing estimates, differences between them can be explained by a combination of five main factors. First, the limitations of FRA statistics, in terms of data quality and consistency between countries, which are well documented (Grainger, 2008; Hansen et al., 2013) . Second, variation in the methods used to estimate forest area, e.g. FRA main reports involve the aggregation of national statistics reported by countries, while global remote sensing surveys may employ sampling methods or comprehensive (''wall to wall'') mapping. Each method has its own strengths and limitations. Third, difficulties in using remote sensing techniques to correctly determine percent tree cover for low tree cover densities, i.e. below 30%. Fourth, differences in the set of countries covered by estimates.
The fifth factor, which will have a major impact on the analysis in this section, is the use of different definitions of 'forest'. Lund (2014) lists over 1500 different operational definitions of the term 'forest' and over 200 different definitions of the term 'tree'. Some of these are land cover based (e.g. biophysical) definitions while others are land use based definitions. The FRAs employ a land use definition, which means that they can include areas designated for forestry or conservation that are temporarily unstocked with trees (see Section 2). Most remote sensing studies, on the other hand, use a land cover definition (Magdon et al., 2014) , because land use cannot be determined by remote sensing alone. Definitions of forest also vary in the minimum threshold of percentage tree cover which they require before an area of land can be defined as forest. Consequently, the use of different definitions can lead to very different estimates of forest area in remote sensing estimates. This is illustrated by Hansen et al. (2013) , who divided world land area into four ''tree cover'' classes -0-25%, 26-50%, 51-75% and 76-100% -when they undertook wall to wall mapping using Landsat images. They found that in the tropics, the 76-100% tree cover class, which broadly corresponds with tropical moist forest, covered 1324 M ha in the year 2000, while the area above 25% tree cover, 2094 M ha, was of the same order of magnitude as the FRA 2015 figure for all tropical forest, which was based on a threshold tree cover of 10%.
Global or pan-tropical remote sensing studies of forests include surveys undertaken outside the FRA process, and those undertaken within the FRA process itself. To provide an alternative common picture of forest cover FAO has, since 1990, commissioned large-scale uniform Remote Sensing Surveys (RSS) to complement the national statistics listed in the FRA main reports. The results of these RSS have generally been presented in parallel with data supplied by countries. Thus, the findings of RSS 2000 were included as a chapter in the FRA 2000 Main Report (FAO, 2001) . FAO commissioned two recent RSS in partnership with the Joint Research Centre of the European Commission. These surveys, which were based on a global sample of satellite imagery, were designed to provide consistent and comparable estimates of tree cover and forest land-use from 1990 to 2010 at global and regional scales, to complement the increasing number of national statistics in FRA main reports that are based on national remote sensing surveys. The first, 'RSS 2010' (FAO and JRC, 2012) , was undertaken as part of the FRA 2010 process, but completed and published after the Main Report. The second, here called 'RSS 2015' (FAO and JRC, 2014) , was part of the FRA 2015 process and extended the time-series for the same sample sites to 2010.
According to FRA 2015, global forest area declined from 4128 M ha in 1990 to 3999 M ha in 2015 (Table 1 ). In the earliest remote sensing survey at this scale, Hansen et al. (2010) found that global forest area declined from 3269 M ha to 3168 M ha between 2000 and 2005 (Table 12 ). The absolute values of area in 2000 and 2005 were much lower than those in FRA 2015. One possible reason for this was that Hansen et al. (2010) only mapped areas with tree cover above 25%, whereas FRA 2015 used a 10% threshold; another reason was that they used coarse (0.5 km) resolution MODIS images, which may not detect small areas of forest. The Table 12 Estimates of global and pan-tropical forest area 1990-2015 based on satellite data, compared with FRA 2015 findings (M ha). (Gong et al., 2013) . RSS 2010 reported a drop in global forest area from 3820 M ha to 3790 M ha between 2000 (FAO and JRC, 2012 , but RSS 2015 reported higher area values and but the same rate of loss, from 3950 M ha to 3890 M ha between 2000 (FAO and JRC, 2014 . The relative proximity of these five global surveys to the FRA 2015 trend is interesting, given that the two RSS used over 13,000 10 km Â 10 km sampling blocks within Landsat images, while the other three surveys used wall to wall sets of Landsat images (Hansen et al., 2013; Gong et al., 2013) or MODIS images .
Another set of remote sensing surveys can be used to evaluate the report in FRA 2015 that between 1990 and 2015 tropical forest area in 142 countries declined by 10% from 1966 M ha to 1770 M ha (Table 1) The accuracy of estimates of all tropical forest area is constrained by uncertainty about the distribution of open 'savanna' woodlands in dry areas, which are extensive in Africa, Australia and Latin America (Bodart et al., 2013; Beuchle et al., 2015) . Open woodlands were thought to contribute 734 M ha, or 38%, to the estimate of 1935 M ha for tropical natural forest area in 1980 (FAO, 1982) . Yet owing to their low commercial importance they are often not assessed by field surveys, or surveyed regularly by governments. Measuring their area using remote sensing is also difficult, even with Landsat images (Lambin, 1999) . Estimates of the area of the even lower tree cover category of 'other wooded land' also vary, e.g. the estimate by Achard et al. (2014) of 975 M ha for other wooded land in 2010 is 81% higher than the 538 M ha reported in FRA 2015. This discrepancy is partly explained by the fact that the remotely-sensed class of other wooded land may include areas of low density tree cover that would be classified as 'forest' in FRA Main Report statistics. Indeed, RSS 2010 showed that differences between regional forest area estimates in FRA 2015 and RSS 2010 estimates rose as the extent of drylands in a region increased (FAO and JRC, 2012) .
Tropical moist forests -which comprise all closed forests in the humid tropics -are easier to map using satellite data, though they are often hidden from satellite sensors by clouds. They were the initial focus of global remote sensing forest surveys, yet it is difficult to conclude that tropical moist forest area has declined significantly by looking at the time series of available estimates, i.e. 1150 M ha in 1990 and 1116 M ha in 1997 (Achard et al., 2002) ; 1094 M ha (Mayaux et al., 2005) and 1156 M ha (Hansen et al., ) in 2000 and 1257 and M ha in 2010 and (Kim et al., 2015 . The high value of the last of these studies was remarkable, as it was based on wall to wall mapping using Landsat images, and referred to only 34 countries and to all forest with more than 30% tree cover. Another set of measurements, based this time on samples of Landsat images, did show a decline, from 1043 M ha in 1990, to 1004 M ha in 2000 and 972 M ha in 2010 (Achard et al., 2014) .
A more challenging task is to substantiate key findings of FRA 2015 that between the 1990s and 2010-15 the net rates of loss of all forest and tropical forest halved, falling from 7.3 M ha y À1 to 3.3 M ha y
À1
, and from 9.5 M ha y À1 to 5.5 M ha y
, respectively (Table 4) . One reason for this difficulty is that estimates of forest area loss are affected by differences between land use and land cover definitions. For example, most forest clearance in the tropics involves a change in land use, e.g. to agriculture, and the customary forest management practice is selective logging, which does not involve forest clearance. In temperate and boreal forests, on the other hand, clear-felling is a common forest management practice. This results in a temporary loss of tree cover but does not lead to a change in land use. Hansen et al.'s (2010) measurement of 'gross global forest loss', which equated forest with tree cover above 25%, concluded that 20.2 M ha y À1 was lost between 2000 and 2005. This was much higher than the corresponding rate in FRA 2015. However, only 47% of this loss (9.5 M ha y À1 ) occurred in the tropics, while the remaining 53% (10.7 M ha y À1 ) occurred in temperate and boreal forests, as a result of logging, fire and insect outbreaks. Hansen et al.'s (2010) method involved taking samples of Landsat images to estimate the rate of forest loss. When Hansen et al. (2013) used the more elaborate approach of classifying wall to wall Landsat images they found that temperate and boreal forests now accounted for just 38% of global gross forest cover loss of 19.2 M ha y À1 between 2000 and 2012, and this was offset by forest gain of 6.7 M ha y À1 . RSS 2010 used the same 10% tree cover threshold used for the FRA main report statistics, but its estimate of 14.7 M ha y À1 for the rate of global net forest loss between 2000 and 2010 was also higher than the corresponding estimate in FRA 2010 (FAO and JRC, 2012) . Coulston et al. (2013) shed further light on this issue by showing that estimates of forest land use extent and forest land cover extent in the southeastern USA were not correlated; that estimates of net change based on forest land cover and forest land use were only modestly correlated; and that net forest land use change estimates were independent of gross forest cover loss. They suggested that changes in forest cover are more indicative of a change in forest land use in the tropics than in areas, such as the southeastern USA, where forest regeneration commonly follows harvesting and disturbance. , based on samples of Landsat images (Achard et al. (2002) ; and 7.2 M ha y À1 , offset by forest gain of 1.2 M ha y À1 , using 8 km resolution images (Hansen and DeFries, 2004) (Table 13 ). The declining trend in FRA 2015 was supported by Hansen et al.'s (2010) (Hansen et al., 2013) . The combined time series is understandably closer in value to the corresponding FRA estimates than the time series for tropical moist forest, and supports Kim et al.'s (2015) claim that tropical deforestation peaked after 2000. Further support is provided by RSS 2010, which estimated that net tropical forest loss rose from 5.7 M ha y À1 in the 1990s to 9.1 M ha y À1 in 2000-05 (FAO and JRC, 2012). However, Achard et al. (2014) found only a slight drop from 8.0 M ha y À1 in the 1990s to 7.6 M ha y À1 from 2000 to 2010, which supports the FRA 2015 trend.
Overall, the findings of remote sensing studies provide some support for FRA 2015 findings, especially on trends in global forest area and tropical forest area. However, it is difficult to generalize, because there are considerable differences between the findings of remote sensing studies, owing to differences in assessment periods, the definitions of forest, remote sensing methods, and country coverage.
Conclusions
The results of the latest Global Forest Resources Assessment of the Food and Agriculture Organization of the United Nations (FAO) indicate that between 1990 and 2015 total forest area declined by 3%, from 4128 M ha to 3999 M ha, and the annual rate of net forest loss halved from 7.3 M ha y ). However, the Brazilian and Indonesian loss rates were only about 40% of the corresponding rates in the 1990s. Forest area expanded between 2010 and 2015 by 1.5 M ha y À1 in China, and at rates of 301 K ha y
À1
, 275 K ha y À1 and 240 K ha y À1 in Chile, the USA and the Philippines, respectively. Between 1990 and 2015, thirteen tropical countries may have either experienced national forest transitions from net forest loss to net forest gain, or continued along the path of forest expansion that follows such transitions. Forest transitions may be in progress in another six countries.
While the results of FRA 2015 are likely to be used extensively for research and policy formulation, as with previous FRAs, careful interpretation will be needed to ensure that the statistics are used in ways that are consistent with scientific terminology and desired policy outcomes. For example, FRA 2015 estimates of forest area include natural forest and planted forest, and a reduction in net forest loss (which could result from a combination of a loss of natural forest and a gain in planted forest) is not the same as a reduction in deforestation.
The quality of data on which FRA 2015 statistics are based is considered to be higher than those in earlier FRAs, with National Correspondents reporting that about 60% of global forest area in 2015 has been estimated using the highest quality data. However, the amount of forest reported using the poorest data quality (Tier 1) is still 11%, indicating that a number of countries used out-of-date or incomplete national assessments.
Independent pan-tropical and global remote-sensing surveys exhibited differences in estimates of global and tropical forest area and dynamics, both with FRA 2015 and with each other, because of differences in definitions and in measurement methods. This variation between studies suggests the need for policy makers to understand differences between estimates of forest area derived using different methods and based on different definitions when establishing policies and targets to reduce deforestation rates and increase forest area.
Increased investment over the last 10 years has improved national forest monitoring capacity in developing countries, in considerable part to prepare to implement arrangements for the REDD+ mechanism of the UN Framework Convention on Climate Change. This investment needs to be sustained, and expanded to include key African and Latin American countries with currently deficient inventory systems. A comprehensive monitoring approach that integrates remotely-sensed data of sufficiently high resolution with field measurements and observations could provide a sound basis for assessing forest-related greenhouse gas dynamics and for supporting sustainable forest management at a range of scales.
